A large number of macrophage-derived foam cells stores excessive neutral lipids in intracellular droplets, and plays a major role during the development of atherosclerosis. The formation and catabolism of intracellular lipid droplets (LDs) are regulated by LD-associated proteins, a group of proteins which are located on the surface of LDs and regulate the formation, morphology and lipolysis of LDs. In order to illustrate the function of LD-associated proteins during the process of atherosclerosis, the foam cell model is induced by oxidized low-density lipoprotein (ox-LDL) in macrophages originated from the THP-1 cell line, and cDNA microarrays are used to monitor the gene expression profiles of LD-associated proteins. Gene expression data show that 2% of changed genes are lipid binding genes during the transformation of foam cells. The major candidate genes, the cell deathinducing DFF45-like effector (CIDE) family and Perilipin, Adipophilin, and TIP47 (PAT) family, have different alterations during the formation of foam cells. CIDEB, CIDEC, Adipophilin, S3-12 and LSDP5 were up-regulated, while TIP47 was down-regulated. There was no significant change in CIDEA and Perilipin. These results were confirmed by real-time PCR and immunoblotting. This study presents a comprehensive analysis of the gene expression of LDassociated proteins during the differentiation of human foam cells, which may play an important role in the process of atherosclerosis.
Introduction
Abnormal lipid deposition and accumulation in the artery wall lead to the formation of fatty streaks of atherosclerosis. In these fatty streak lesions, uptake of oxidized low-density lipoprotein (ox-LDL) by macrophages leads to foam cell formation (1) . THP-1 cells (human monocytic cell line) can be induced by phorbol 12-myristate 13-acetate (PMA) to undergo differentiation into a macrophage-like phenotype, and then be converted to foam cells following the treatment of ox-LDL (2) .
Gene expression studies have identified many genes or proteins to be either up-or down-regulated in animal atherosclerosis models (3, 4) or human atherosclerosis plaques (5-7). However, the genes reported mainly focus on aspects of regulation of cell apoptosis (8) (9) (10) , growth (11) , mobility (12) , inflammation (13) , and signal transduction (14, 15) , while the mechanisms of lipid droplet (LD) formation were largely ignored or underestimated in these studies. Disorders of lipid homeostasis have been seen as the major factors influencing atherosclerotic traits (16) , including cholesterol clearance from foam cells, removal of fatty acids and lipoproteins, and lipid transportation in cell organelles. The most recent studies have proven that LD-associated proteins contribute to the regulation of cellular lipid stores, nascent LD biogenesis and lipid metabolism and transport (17) (18) (19) . LD-associated proteins contain PAT proteins and other proteins which are involved in the turnover of lipids and in the formation and trafficking of LDs (20) . The PAT and CIDE families have been identified as the most potential and specific LD-associated proteins to date. The Perilipin, Adipophilin, and TIP47 (PAT) families, include 5 members in mammals: Perilipin, adipose differentiationrelated protein (ADRP, also known as ADFP or Adipophilin), tail-interacting protein of 47 kDa (TIP47), S3-12, and lipid storage droplet protein 5 (LSDP5)/myocardial lipid droplet protein (MLDP)/oxidative tissue-enriched PAT protein (OXPAT) (17) . The cell death-inducing DNA fragmentation factor (DFF45)-like effector (CIDE) family comprises three members: CIDEA, CIDEB, and the fat-specific protein of 27 kDa (FSP27) (mouse)/CIDEC (human) (18 expressed genes during the process of foam cell formation, especially those classified as LD-associated proteins and those that proved critical to uptake and transformation of LDs.
Materials and methods
Isolation and oxidation of LDL. LDL (Density=1.020-1.063 g/ml) was isolated by sequential flotation ultracentrifugation from human plasma as previously described (21) . Hypochlorite modification of LDL was essentially performed according to Vicca et al (22) . Ox-LDL was dialyzed overnight against 10 mM phosphate-buffered saline (PBS) (pH 7.4). The concentration of proteins was determined by the methods of Lowry (Pierce). 5 ) were reaped and incubated with fluorescein isothiocyanate (FITC)-labeled monoclonal antibodies against CD68 and CD11b/CD18 (mac-1), which were the macrophage-specific markers (23, 24) . Then samples were washed with staining buffer and analyzed by flow cytometry on a FACS Calibur (BD Biosciences). The labelled monoclonal antibodies for cytometry were purchased from BD Biosciences, USA.
Induction and identification of macrophages.

Induction and identification of foam cells.
After washing with PBS, the induced THP-1-derived macrophages were further induced towards foam cells with ox-LDL (100 μg/ml) for 2 days while the control group was only exposed to PBS. The THP-1-derived macrophages, with or without ox-LDL induction, were then fixed with 4% formaldehyde for 15 min. Cell lipids were stained with Oil Red O (Sigma) (3 mg/ml in 60% isopropanol) for 10 min. Meanwhile, cells were stained by Bodipy 493/503 (neutral lipids) and Hoechst 33258 (nucleus) for further identification as previously described (25) . Images were captured by Olympus Type BX51TRF microscope (Olympus) using the accompanied image capture software. The contents of cellular cholesterol and triglyceride (TG) were determined by an enzymatic method as previously described (26) .
RNA isolation and quantification. Total RNA from THP-1-derived cells was isolated by using Trizol reagent (Invitrogen) according to the manufacturer's instructions. RNA was Table I . Changes of CIDE and PAT families and associated genes which were critical in the transformation from macrophages to foam cells by microarray analysis. 
quantified with the Nanodrop ND-1000 spectrophotometer (Nano-Drop Technologies), and RNA integrity was assessed by the Agilent 2100 Bioanalyzer (Agilent Technologies). Only RNA with an RNA integrity number (RIN) >9.6 was processed for labeling (2100 Expert software, Agilent Technologies). Each total RNA extract constituted a test sample, and an equimolar pool of all RNAs was used as the reference sample. Three independent experiments were performed for each array hybridization experiment.
Agilent hybridization and analysis. Total RNA from foam cells and macrophages (control group) was processed and hybridized to Agilent Whole Human Genome Oligo Microarray 44 k cDNA array following the manufacturer's recommendations. Cell intensity files were analyzed using the Rosetta Resolver Gene Expression Data Analysis System, v3.2. (Agilent Technologies). To identify potential biological relationships among differential expression genes, we used the recently developed PubGene database (http://www.pubgene.org) to identify citation-based gene-network associations.
Real-time PCR. Total RNA was reversely transcribed using Super-Script II (Takara), and then dilutions of cDNA were amplified using PCR primers for transcripts of interest. Primer sequences are listed in Table II . Amplimer quantity was measured at each of 40 cycles using SYBR green (Takara). The specificities of the reaction were assessed by analyzing the melting curves (single peak) and gel electrophoresis (single band). Each group had three to six samples. Transcriptal levels were expressed as a ratio to control gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Western blot analysis. The antibodies of CIDEA (rabbit polyclonal), CIDEC (rabbit polyclonal), LSDP5 (rabbit polyclonal) and CIDEB (mouse monoclonal) were made in our laboratory. Equivalent amount of protein homogenate was resolved by 10 or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE), and immunoblotting was performed as previously described (27) . The expression levels of CIDEA, CIDEB, CIDEC, Perilipin (Santa Cruz), Adipophilin (RDI), TIP47 (Santa Cruz), S3-12 (Everest Biotech), LSDP5 and peroxisome proliferator-activated receptors Á (PPARÁ) (Santa Cruz) were detected. GAPDH (Santa Cruz) was used as a loading control.
Results
Identification of macrophages and foam cells.
The THP-1 cells had a round shape and maintained suspension in cell culture medium. After treated with PMA, they became adherent and Table II . Primer sequences used. 
acquired a macrophage-like phenotype. The differentiation of the THP-1-derived macrophages was confirmed by the expression of CD68 and CD11b/CD18 (mac-1), which were generally accepted as specific macrophage surface markers (24, 28) . The THP-1-derived macrophages showed an increase of ~4.5-fold of CD11b/CD18 (mac-1) expression (45.69±7.18) compared to the non-induced THP-1 cells (10.11±0.60). There was also a 3-fold increase of CD68 expression (75.70±4.96) in macrophages (Fig. 1A) .
After treated with ox-LDL, cell lipids were stained with Oil Red O or Bodipy 493/503. The content of cellular lipids after ox-LDL treatment was significantly higher than those treated with PBS (Fig. 1B) . Furthermore, the amounts of TG and cholesterol in ox-LDL-treated cells were significantly higher than those in PBS-treated cells (2.1-and 6.7-fold compared to PBS-treated cells, respectively) (Fig. 1C) , which have the same effects as foam cells (29) .
Microarray analysis. By performing microarray studies, we were able to analyze the overall changes in the gene expression profiles between foam cells and THP-1-derived macrophages. Among the 41,000 genes examined, 516 genes were upregulated while 369 were down-regulated significantly (Log2 ratio >1 or <-1) in foam cells. The top up-regulated genes by microarray analysis were dopamine receptor D5, La ribonucleoprotein domain family member 6, stanniocalcin 2, interleukin 23 · subunit p19, S100 calcium binding protein P, and the top down-regulated genes were chemokine ligand 5, interleukin 1 receptor type II, serpin peptidase inhibitor clade E (nexin, plasminogen activator inhibitor type 1) member 1, pro-platelet basic protein (chemokine ligand 7), serpin peptidase inhibitor clade B (ovalbumin) member 2.
Differentially expressed genes classified by biological process mainly included 26% for protein binding, 15% for catalytic activity, 12% for ion binding, 8% for nucleic acid binding and 7% for molecular transducer activity ( Fig. 2A) . Genes classified by biological function are shown in Fig. 2B . Specifically, we noted that the presence of lipid binding genes, which accounted for 2% of the total, differentially expressed genes during the formation of foam cells. Furthermore, we also found interesting changes in LD-associated proteins (the PAT and CIDE families), apolipoprotein family members, and PPAR family members (Table I) . We mapped the network of the genes of interest that are involved in fatty acid partitioning and binding, synthesis, lipolysis and monocyte/macrophage recruitment based on information from the NCBI (Fig. 3) , which can help in understanding the machinery of lipid accumulation in foam cells and its meaning in the pathological process of atherosclerosis.
Validation of gene expression changes with real-time PCR.
To confirm individual gene expression changes, real-time PCR analysis was performed on 15 genes. The genes selected are shown in Table I . GAPDH was used as control. As shown in Fig. 3 , in the CIDE family, the mRNA level of CIDEB and CIDEC in foam cells increased 2.67-fold (P=0.058) and 12.2-fold (P=0.034), respectively, in comparison with the macrophages. However, the ox-LDL treatment did not affect the mRNA level of CIDEA (P=0.919). Adipophilin, a PAT member, in foam cells was robustly up-regulated 36.5-fold vs. macrophages (P=0.017). S3-12 increased 1.7-fold (P=0.066) and LSDP5 increased 2.1-fold (P=0.054), respectively. However, a 1.5-fold decrease of TIP47 was shown in foam cells (P=0.016). The difference expression of Perilipin in mRNA level was not statistically significant (P=0.641). The mRNA level of PPARÁ, a key element regulating the expression of the LD-associated proteins (17), was upregulated 7.0-fold (P=0.082). It is known that, macrophage uptake of ox-LDL mainly depends on the scavenger receptors. (Fig. 4) . 
Discussion
Proteins that coat LDs play important roles in regulating LD formation, morphology and lipolysis. Herein, we concentrated on the expression of LD-associated proteins during the formation of foam cells, in order to illustrate the potential roles of LD-associated proteins in the process of atherosclerosis. In this study, the macrophages derived from THP-1 were incubated for 2 days with ox-LDL to induce foam cells, and then the differentially expressed genes were identified by microarray analysis and comformed by real-time PCR and Western blot analysis. We used THP-1-derived foam cells in our research for two reasons: (i) THP-1, the human monocytic cell line, is a wellcharacterized model system for studying the transformation of macrophages into foam cells. Although this cell line has its limitations, it is uniform in its components and suitable for completing research on foam cells; (ii) genes identified by using atherosclerotic vessel tissues seem to be more illustrative. However, the differences in gene expression patterns obtained from atherosclerotic vessel tissues were frequently mixed with the deviation resulting from the difference of cell types between the atherosclerotic and control vessels that we chose.
An increasing number of studies have demonstrated that LDL oxidized by hypochlorite in vitro is able to mimic fundamental atherogenic processes including adhesion to endothelial cells, activation of phagocytes with an increase of reactive oxygen species (ROS) and formation of foam cells as a result of phagocytosis of ox-LDL (30) . However, Cu 2+ -mediated LDL oxidation in vitro did not reflect the real physiological oxidation modification of LDL in vivo (25) . In this study, we chose hypochlorite instead of copper ions (Cu 2+ ) in the oxidative modification of LDL. In our study, 885 genes were differentially expressed during the formation of foam cells. Based on the molecular function, the largest two groups identified were genes of protein binding and catalytic activity. Based on the biological process, the largest three gene groups were cellular and metabolic process and biological regulation. The top changed genes were mainly classified into metabolic process, cell death and proliferation and immune system process, which were in accordance with previous reports (8) . Of the 885 differentially expressed genes identified in this study, 2% were lipid binding proteins, which were the proteins of interest, LD-associated proteins.
We detected up-regulation of CIDEB (2.67-fold in mRNA level, 2.12-fold in protein level) and CIDEC (12.2-fold in mRNA levels, 2.28-fold in protein levels) in foam cells, but there was no significant change in CIDEA. The diversity of different CIDE family members in expression level maybe owed to the fact that CIDEs were expressed in a tissue-specific manner. CIDE family members including CIDEA, CIDEB and CIDEC, were expressed at high levels in brown adipose tissue (BAT) and liver and white adipose tissue (WAT), respectively. Similar to uncoupling protein 1 (UCP1), CIDEA was a BAT-specific marker. CIDEA can negatively regulate UCP1 activity, and the loss of UCP1 inhibition by CIDEA would result in enhanced uncoupling activity which leads to decreased levels of plasma-free fatty acids and triglycerides, and less lipid accumulation in WAT. Given these facts, we believe that CIDEA directly plays a role only in BAT, but has a smaller effect on other tissues such as the formation of foam cells in atherosclerotic vessels. CIDEB was detected in various tissues with high expression levels in the liver, and to a lesser extent in the kidney, small intestine, and colon. We have demonstrated that CIDEB promotes the formation of triacylglyceride-enriched VLDL particles in hepatocytes (25) , and might play a potential role in atherosclerosis. CIDEC was most highly expressed in WAT. It increased in abundance by >50-fold during adipogenesis and promoted the formation of the large LDs in primary fat cells (31) . In the formation of foam cells, our study demonstrated that CIDEB and CIDEC were both up-regulated at the level of mRNA by microarray analysis, the increase in their mRNA levels was significantly greater as shown by real-time PCR. Moreover, the increased tendency was also confirmed in their protein level.
In the PAT family, Adipophilin which was found to be associated with intracellular LDs in a variety of cells and tissues (17) has been well studied in atherosclerotic lesions. Larigauderie et al observed a 3.5-fold increase of Adipophilin expression in atherosclerotic lesions and found that most of the Adipophilin mRNA expression was presented within lipid-rich macrophages. The expression of Adipophilin in macrophages was enhanced by the treatment of modified LDL (32) . In this study, we also found a great increase of Adipophilin at both mRNA and protein levels in foam cells. Unlike Adipophilin, the change of Perilipin seems to be incongruous. The microarray analysis revealed a tenuous decrease of Perilipin mRNA, but the result from real-time PCR and immunoblotting did not show any significant difference. Similar conflicting results have been reported in recent studies (33) (34) (35) . We believe that Perilipin, which was specific in adipose tissue and critical in regulation of lipolysis, plays an important role in the process of atherosclerosis but has not been studied in depth to date. In contrast to Perilipin, TIP47 was expressed in most, if not all tissues. Robenek et al studied the distribution of TIP47 in lipid bodies of THP-1 cell-derived macrophages and found that TIP47 was a component of many LDs in structure (36) . However, we observed a decrease of TIP47 not only in mRNA but also in protein levels. S3-12 was expressed primarily in white adipose tissue and to a lesser degree in skeletal muscle and heart (37). LSDP5 was expressed prominently in tissues that exhibited a high capacity of fatty acid oxidation, including heart, BAT, liver, and skeletal muscle (38) . In our study, the above two PAT members increased during the transformation of foam cells. Apart from tissue distribution, we believe that the change in composition of PAT proteins in LD biogenesis should also be taken into account. It is reasonable to speculate that after laded with ox-LDL, the LD biogenesis in foam cells was similar to that in adipocytes (37), during which there was a dynamic change of PAT family members. Therefore, the monitoring site we chose was just accompanied with the phenotype of high level of Adipophilin, medium level of S3-12 and LSDP5, but it was too early to detect the peak of perilipin, whereas, TIP47 which coated the LDs at the early stage had left the LDs and began to diminish. The mechanism speculated here may also explain the reason why the results of perilipin reported by different researchers varied greatly.
Overexpression of lipid binding protein in macrophagederived foam cells caused the increase of SR-AI expression which was resistant to the accumulation of cholesterol and triglycerides in foam cells, while ABCA1 was down-regulated which facilitated cholesterol efflux (39) . Similarly, we also observed genes involved in the accumulation and trafficking of LDs during the formation of foam cells. CD36, macrophage scavenger receptor, was up-regulated. In addition, ApoE, a component of VLDL, was up-regulated, and ApoAI, a component of HDL, was down-regulated. As a major regulator of lipid homeostasis, PPARÁ has been proven to be upstream the regulation element of many LD-associated proteins (17) . Consistent with previous reports, our study indicated that the PPARÁ signaling pathway is involved in the expression of LDassociated proteins in the formation of foam cells.
In conclusion, our study puts forward a detailed report tracking the changes of LD-associated proteins in the formation of foam cells. The data contribute to the understanding of the gene profiling of cellular lipid formation and its influence in atherosclerosis which may help provide novel approaches to this pressing issue in human health. However, further experiments are still necessary to illustrate the mechanisms and the biological meaning of the changes of lipid binding proteins in lipid accumulation during the foam cell formation.
